Objective: To investigate the relationship between hypothalamic D3 dopamine receptor availability and severity of sleep problems in Parkinson disease (PD).
Standard protocol approvals, registrations, and patient consents. All participants gave informed written consent in accordance with the Declaration of Helsinki, and the study received approval from the local Ethics Committee. Permission to administer [ 11 C]-PHNO was obtained from the UK Administration of Radioactive Substances Advisory Committee.
Clinical assessment. PD severity was rated with the modified Hoehn and Yahr (H&Y) scale and the part III motor subscale of the MDS-UPDRS. 10 Sleep problems in patients with PD were scored with subitem 1.7 (sleep problems) and subitem 1.8 (daytime sleepiness) of the MDS-UPDRS part I, and the ESS, a widely used self-reported instrument, 11 was used to assess the occurrence of EDS. Subitem 1.7 of the MDS-UPDRS part I (patient questionnaire) asks the question, "Over the past week, have you had trouble going to sleep at night or staying asleep through the night? Consider how rested you felt after waking up in the morning." 11 The answer score ranges from 0 (no problems) to 4 (I usually do not sleep for most of the night). Subitem 1.8 of the MDS-UPDRS part I (patient questionnaire) asks the question, "Over the past week, have you had trouble staying awake during the daytime?" 11 The answer score ranges from 0 (no daytime sleepiness) to 4 (I often fall asleep when I should not, e.g., while eating or talking with other people). The ESS consists of 8 questions, each rated on a scale of 0 to 3, with a maximum score of 24; a higher score indicates a higher degree of EDS. The scale has previously been validated in PD. 12 Other nonmotor symptoms were assessed with the Non-Motor Symptoms Scale. 13 Daily levodopa equivalent dose (DLED) was calculated as follows: total levodopa equivalent dose 5 regular levodopa dose 3 1 1 levodopa continuous-release dose 3 0.75 1 pramipexole dose 3 100 1 ropinirole dose 3 20 1 rotigotine dose 3 30 1 selegilne oral dose 3 10 1 selegilne sublingual dose 3 80 1 rasagiline dose 3 100 1 amantadine dose 3 1 1 apomorphine dose 3 10 1 tolcapone 3 0.5 or entacapone 3 0.33. 14 PET procedure. All participants underwent [ 11 C]-PHNO PET scan. Patients were scanned in an "off" state after overnight withdrawal of their antiparkinsonian medication. Patients receiving controlled-release dopaminergic supplementation withdrew this medication 72 hours before scanning. PET scans were acquired with a Siemens Biograph HiRez XVI PET scanner (Siemens Healthcare, Erlangen, Germany). A low-dose CT scan was performed to enable attenuation correction. [ 11 C]-PHNO was administered intravenously with a mean tracer dose of 481.4 6 731.8 MBq, a mean volume of 4.7 6 2.3 mL, and a target PHNO mass of 3.18 6 1.1 mg (0.77 6 0.28 mg/kg). After the administration of [ 11 C]-PHNO (as a slow bolus), dynamic emission data were collected over 90 minutes. All patients had a volumetric T1 MRI for coregistration purposes, obtained with a 3T MRI (Magneton Trio Syngo MR B13 Siemens 3T; Siemens AG, Munich, Germany) on the same day as the PET scan. All imaging procedures were performed at Imanova Ltd, Hammersmith Hospital Campus, Imperial College London (London, UK).
Image analysis. Using in-house software (c-wave) implemented in Matlab 8.2, we generated parametric images of [ 11 C]-PHNO nondisplaceable binding potential (BP ND ) at a voxel level for the whole brain via a basis function implementation of the simplified reference tissue model. 15 The cerebellum was used as the reference tissue for nonspecific binding. 15 For the spatial normalization of the parametric images, we also created summated images of the time series of [ 11 C]-PHNO uptake scans collected 0 to 90 minutes after tracer administration, which reflect both tracer delivery and specific binding. Both summed dynamic images and parametric images of [ 11 C]-PHNO uptake were spatially normalized into Montreal Neurologic Institute stereotaxic space with SPM8 software. The following procedure was followed: we spatially normalized the individual participant's MRI to the T1 MRI template available in SPM8. The transformation parameters were subsequently applied to the coregistered [ 11 C]-PHNO images. A region-of-interest template for the hypothalamus was defined as previously described 6 on an MRI scan transformed into standard Montreal Neurologic Institute space and used to sample individual normalized parametric images of [ 11 C]-PHNO BP ND and normalized MRI images with Analyze software (Mayo Clinic, Rochester, MN). Visual inspection of the normalized PET and MRI images was performed carefully to ensure correct placement of the object region over the hypothalamus. Any misalignment between [ 11 C]-PHNO BP ND images and the object map was manually corrected to ensure that the template was correctly placed over the hypothalamus in the parametric images. Finally, [ 11 C]-PHNO binds primarily to the D3 receptor subtype, so the PET BP ND values observed in this study most likely reflect dopamine D3 receptor availability. In nonhuman primates, [ 11 C]-PHNO has shown a 10-to 20-fold higher affinity for the D3 over the D2 receptor in vivo, so a small percentage of the PET signal may also reflect D2 binding. 16, 17 When a selective D3 antagonist was administered in humans before [ 11 C]-PHNO administration, a 100% BP ND reduction was observed in the hypothalamus, suggesting that the accumulation of [ 11 C]-PHNO in this structure represented D3 receptor binding. 6 EDS is one of the most common sleep problems observed in PD, with a prevalence ranging from 15% to 50%. [18] [19] [20] The mechanisms underlying EDS in patients with PD remain unclear. Possible risk factors for EDS in patients with PD include male sex, long disease duration, disease severity, and dopaminergic therapy. 18, 19, 21 With regard to the influence of dopaminergic medication, several studies have now shown that increased daytime sleepiness or a condition mimicking narcolepsy 22 develops after the introduction of dopaminergic treatment, particularly D3 agonists, in patients with PD, while there is no difference in prevalence of EDS in untreated patients with PD compared with healthy controls. [23] [24] [25] These studies indicate that dopaminergic therapy plays a strong role in the emergence of EDS in PD. EDS in patients with PD who have never used dopamine agonists was found to be associated with H&Y stage 23 and mood and autonomic dysfunction, 25 suggesting that disease-related changes in sleep-wake regulation also contribute to EDS. This view is supported by a number of studies that have reported dysfunction of the dopaminergic, cholinergic, serotoninergic, and noradrenergic pathways [26] [27] [28] [29] and the orexin system 30 within the brain arousal systems in patients with PD that could contribute to the occurrence of EDS. In line with these studies, we have recently reported that patients with PD with EDS showed significant decreases in [ 18 F]-dopa, a marker of monoaminergic terminal function, and [ 11 C]-DASB binding, a marker of serotonin transport availability, in sleep regulatory centers compared to age-matched healthy volunteers without sleep disorders. 31 While our study suggests that EDS could be associated with changes in D3 dopamine receptor availability, it does not provide a primary cause for this reduction. It is possible that reductions of monoamine transmission within the key nuclei involved in sleep control are responsible for adaptive changes in dopamine receptor availability. Direct neuronal loss of dopamine receptor-expressing neurons within the hypothalamic dopaminergic networks is a possible alternative explanation. Finally, we cannot rule out a possible effect of chronic dopamine replacement on the expression of dopamine receptors in the hypothalamus. However, it should be noted that neither hypothalamic [ 11 C]-PHNO PET BP ND values nor ESS scores correlated with DLED, suggesting that, at least in this cohort of patients, EDS and hypothalamic dopamine D3 receptor availability were not related to medical treatment. On the other hand, it is possible that all these factors occur is a synergistic manner. Patients with underlying disease process in the brain arousal systems could be more susceptible to the side effect induced by dopamine replacement drugs, and this would explain why not all the patients on dopamine drugs develop EDS. Future studies should aim to explore the interactions between dopaminergic drugs and the neurodegenerative process in the wake-sleep regulatory system. The mechanisms by which reduced hypothalamic dopamine D3 receptor availability could lead to EDS remain to be elucidated. In this study, we did not measure levels of orexin in the CSF of our patients. However, because dopamine appears to regulate the function of orexin cells, 32, 33 it is possible that changes in hypothalamic dopamine receptor availability might contribute to the dysfunction of the orexinergic system reported in patients with PD. 30 Sleep-onset insomnia and sleep-maintenance insomnia are more common in patients with PD than in healthy controls. [34] [35] [36] It is well recognized that in many cases these problems are secondary to poorly controlled motor symptoms at night (akinesia, tremor, rigidity, and wearing off) and nonmotor symptoms (psychosis, depression, hallucination, and pain). However, it is possible that sleep-onset insomnia and sleep-maintenance insomnia arise from midbrain pathology in PD. In our study, scores on the subitems of the MDS-UPDRS, which assess problems falling asleep and sleep-maintenance insomnia, did not correlate with hypothalamic [ 11 C]-PHNO PET BP ND values, suggesting that these symptoms in patients with PD are not related to changes in dopamine D3 receptors density. Changes in other brain neurotransmitters need to be evaluated in those patients with PD whose sleep-onset insomnia and sleep-maintenance insomnia are not caused by nocturnal motor/nonmotor complications or other age-related comorbidities.
Some aspects of this study need further consideration and must to be taken into account in the interpretation of the findings. We have not used polysomnography to characterize different types of sleep problems at night such as periodic limb movement during sleep and REM behavior disorder, which affect initiation and maintaining sleep at night. Therefore, the role of dopamine D3 receptor availability in patients with PD with these specific sleeprelated disorders remains to be investigated in future studies. Similarly, it would be interesting to assess dopamine D3 receptor availability in patients with narcolepsy, a condition that has been suggested to share pathophysiologic mechanisms with EDS in patients with PD. We did not include a control group in this study because we had previously reported reduced dopamine D2/D3 receptor availability in patients with PD compared to healthy controls and suggested that this reduction could be responsible for sleep problems in PD. 3 The main aim of this study was indeed to test that hypothesis in a cohort of patients with PD.
Finally, we believe that [ 11 C]-PHNO binding in the hypothalamus is almost entirely attributable to the D3 receptor density. However, we acknowledge that changes in other dopamine receptor subtypes can also occur in this region in patients with PD and could contribute to the development of EDS.
This study provides evidence that lower dopamine D3 receptor availability in the hypothalamus may be associated with more severe EDS in patients with PD. However, because of the relatively small number of patients investigated and the lack of polysomnography, our results should still be considered preliminary, and further studies on this topic need to be performed to clarify this issue. Strategies to modulate hypothalamic dopamine D3 expression could be useful in the management of EDS in PD. This study also provides support for the emerging concept of noncognitive nonmotor subtypes of PD and, in particular, imaging surrogates to support the concept of sleepdominant subtypes. 5 
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